A wireless network scenario of bidirectional relaying with imperfect channel side information (CSI) is considered, in which two source nodes intend to exchange information with the help of one relay. The power allocation problem is investigated to minimize the total transmit power subject to constraints on two source nodes' received signal-to-noise-ratios (SNRs). The best relay that minimizes the total transmit power is selected in a multiple relay network. We also present outage analysis when the proposed power allocation is adopted, and a close-form approximation of outage probability is obtained by shrinking the integral interval. Simulation results show that the total transmit power can be substantially decreased and the outage probability is significantly decreased by the proposed power allocation scheme when two source nodes have different QoS requirement.
Introduction
Bidirectional or two-way relaying is a spectral efficient protocol when two terminals need to exchange information with the help of one or multiple relays [1] . The spectral efficiency can be significantly improved by accomplishing data exchange in two time slots [2] . Bidirectional relay communications have recently attracted considerable interest, and transmission schemes in bidirectional relay networks have been analyzed wildly [3] . Based on complexity criterion, the amplify-and-forward (AF) protocol is the simplest strategy because only an amplification processing at the relay is required. The transmission in amplify-and-forward bidirectional relay network takes place in two time slots. Two source nodes first transmit at the same time to one or multiple relays. The relay receives a superimposed signal, then amplifies the received signal, and forwards it back to both source nodes [4] .
In bidirectional relay networks with multiple relays, the performance of wireless relay networks can further be enhanced by selecting the relay for transmission properly [5] [6] [7] . In [6] , the authors presented a max-min SNR-based relay selection algorithm for bidirectional relay networks. In [7] , the author presented a relay selection to minimize the system symbol error rate (SER). Consequently, it is beneficial to design an effective relay selection scheme for the coherent bidirectional transmission scheme with multiple relays and to achieve spatial diversity. Unlikely [5] [6] [7] , a max-min relay selection method was presented in bidirectional cooperative networks with the imperfect channel state information in [8] . The impact of imperfect channel estimation on the outage probability is investigated. But the power allocation is not considered during outage probability analysis.
In bidirectional relay network with one relay or multiple relays, power allocation can improve the system performance significantly, by allocating the power on each node properly. Most work on power allocation for two-way relaying, for example, [9] , was proposed to maximize the sum rate of the user pair. In [10] , the authors consider power allocation with wireless network coding in a multiple-relay, multipleuser networks using convex optimization. In [11] , power allocation strategies are proposed to maximize the sum rate and the diversity order, respectively. In [12] , two power allocation algorithms were proposed to maximize the upper bound of the average sum rate and to achieve the tradeoff of outage probability between two source nodes, respectively. The power allocation algorithm proposed in [13] aims to maximize the smaller of the two source nodes' received SNRs. But the algorithm in [13] did not consider the scenario that two source nodes have different QoS requirement, for example, different transmit data rate requirement and different SER requirement. Also they assume perfect channel state information (CSI) at each node.
Outage analysis for bidirectional relay network was investigated in [14, 15] . In [14] , the author proved that the bidirectional opportunistic relay network is outage-optimal among single relay selection schemes. The exact outage probability expression of two-way opportunistic relaying systems is presented in [15] . However, during the outage analysis in [14, 15] , all the nodes are assumed to transmit at the same power and the power allocation is not adopted.
In this paper, we focus on the power allocation problem in bidirectional relay networks in the presence of imperfect channel state information. In particular, we investigate power allocation algorithm in order to minimize the total transmit power subject to constraints on two source nodes' received SNRs, when each node only knows the channel estimation. We obtain the closed-form solution of optimal power value allocated for each node. Then the relay with the minimum total transmit power is selected. The relay selection can be operated either by centralized manner or distributed manner. At last, the outage probability is analyzed for bidirectional relaying with power allocation algorithm proposed. The performance of the proposed scheme is verified through simulations.
System Model and Problem Formulation
2.1. System Model. We consider a general bidirectional relay network, which consists of two source nodes, denoted by 1 and 2 , and relay nodes, denoted by 1 , 2 , . . . , , as illustrated in Figure 1 . All nodes are equipped with a single antenna. We assume that the two source nodes cannot communicate with each other because of the poor channel quality between them. The data exchange can be accomplished in two time slots. In the first time slot, both source nodes simultaneously send the information to all relays. Thus, each relay receives the superimposed signal. In the second time slot, an optimal single relay is selected to forward the received signals to two source nodes, and all other relays keep idle. Assuming a flat-fading scenario, denote the complex reciprocal channel coefficients from the ith relay to as ℎ , ℎ ∼ (0, 2 ), = 1, 2. Considering the imperfect CSI at every terminal, we can model the relation between the channel ℎ and its estimatê ℎ by [8] 
where is the correlation coefficient between the channel gain ℎ and its estimateĥ and is a zero-mean complex Gaussian random variable with variance (1− ) 2 , Therefore, ℎ has the distribution (0, 2 / ). We assume that both source nodes know all channel coefficients estimate and relay knows its own local channel coefficients estimate. Consider a two-step bidirectional relay AF protocol with relay selection. As a result, one of the relays, without loss of generality, is selected to serve as the means of communication between the two source nodes. Let , = 1, 2 denote the symbol that will be transmitted by the source . We assume that is chosen from a constellation of unity power. The signal received in the relay at time can be express as
where 1 and 2 are the transmit powers of source nodes 1 and 2 , respectively, and ] is the complex noise at the ith relay.
In the second step, the relay multiplies its received signal by a complex weight factor and transmits the so-obtained signal. The signal transmitted by the ith relay is thus = . Let denote the transmit power of the ith relay; assuming that the information symbols and noises are independent, we have
Then the weight factor is given by
The signals 1 and 2 received at source nodes 1 and 2 can be represented, respectively, as
where is the noise at the kth source node, for = 1, 2. All noises are assumed to be i.i.d. Gaussian with zeromean and have the same variance 2 . The first term on International Journal of Distributed Sensor Networks 3 the right hand side of (5) and that of (6) are, respectively, the self-interferences of 1 and 2 , which can be cancelled by subtracting them from the received symbols at each node. Thus, after cancelling the self-interference of the node 1 and 2 , √ĥ 2 for , = 1, 2, the signal can be written as
The signals̃1 and̃2 can be used to decode the information symbols 2 and 1 at source nodes 1 and 2 , respectively. We note that each source node knows its own data signal , = 1,2. However, they should estimate the channel coefficients to cancel the self-interference terms. Therefore, because of the estimation error, the terms √ 1 (2 1ĥ 1 1 − 2 1 ) 1 and √ 2 (2 2ĥ 2 2 − 2 2 ) 2 remain as self-interference in the received signals̃1 and̃2, respectively. It can be noticed that if each source node has full CSI, the selfinterference could be fully eliminated.
Using (7), the received SNRs can be estimated as
where 1 = 4 2 1 |ĥ 1 | 2 2 1 and 2 = 4 2 2 |ĥ 2 | 2 2 2 , representing the interference caused by the channel estimation error.
Assuming that each source node has perfect CSI, that is, = 1, 2 = 0 andĥ = ℎ and for the unit-variance noise signal, SNR reduces to
Considering the definition of amplifier factor , (10) can be rewritten as
which has a similar form to the result reported earlier in [12] .
Asymmetric Bidirectional Relaying Network
Power allocation and relay selection can improve the system performance in bidirectional relaying network. The criterion in symmetric bidirectional relaying network is to maximize the minimum SNR between two source nodes. But the criterion cannot be adopted in asymmetric bidirectional relaying networks. In asymmetric bidirectional relaying network, two source nodes have different transmit rate requirement. Thus, the objective of power allocation and relay selection is to minimize the total power when each source node meets QoS requirement.
Problem Formulation.
We consider the joint optimal relay selection and power allocation for the bidirectional relay network that minimizes the total outage probability with total transmit power constraint.
The main problem can thus be represented as
where denotes the total transmit power consumed by two source nodes and one relay node; when the ith relay is selected, 1 and 2 denote the SNR requirement of each node, respectively. can be written as
where 1 , 2 , and denote the power consumed by source nodes 1 , 2 and relay node respectively.
The variables in problem (12) include the power allocated on each source node, the amplify factor, and the relay index. To optimize the amplify factor on relay node is equivalent to optimizing the transmit power on relay node. So the objective of the problem (12) is to choose the best relay node and to determine the transmit power on two source nodes and one relay nodes. During the relay selection step, the relay is chosen considering the total transmit power consumed by the link 1 ↔ ↔ 2 . And the total transmit power is determined by the power allocated on each node. So in the power allocation and relay selection algorithm, we deal with power allocation part firstly.
Power Allocation and Relay Selection.
A joint power allocation and relay selection algorithm is proposed in this section to solve the problem (12) . The optimization problem in (12) involves continuous variables and binary variables. This is equivalent to optimizing over 1 , 2 , , which is the optimal power allocation problem and then optimizing over i, which is the optimal relay selection problem.
To reduce the computational complexity the power allocation and relay selection is operated separately, so that the number of variable can be reduced. During the power allocation step, the power allocation on each source node and one dedicated relay node is calculated to improve the received SNR. During the relay selection step, the best relay is selected according to the allocated power obtained in the former step.
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International Journal of Distributed Sensor Networks 3.2.1. Power Allocation. Firstly, we consider the power allocation problem among two source nodes and the selected relay . Considering (9) , the power allocation problem is represented as min 1 , 2 ,
Obviously, the minimum total transmit power can be achieved when SNR 1 = 1 , SNR 2 = 2 . Otherwise, if, for example, the first constraint in (14) is satisfied with inequality at the optimal solution, then the optimal 2 can be scale down to satisfy this constraint with equality. This, however, further reduces the total transmit power in (8) , thereby contradicting the optimality. Considering (8) and (9), the transmit power of each source node can be represented as
where Δ = | 2
Substituting (15), (16) to (14) , (14) can be rewritten as
As can be seen from (17), the objective function does not depend on the phase of . Therefore, no phase adjustment is required at the relay. By solving (17), the optimal factor of relay can be obtained. The equation (17) can be solved by Lagrange method. Differentiating the objective function in (17) and equating it to zero lead us to the following equation:
where = 2 2 2 , = ((1/ 1 ) + (1/ 2 ))|ĥ 1ĥ 2 | 2 . The positive solution to (17) is given by
Using the optimal amplify factor, the optimal power allocation on each node can be derived according to (15) and (16). By substituting (19) in (15) and (16), the transmit power of source nodes 1 and 2 can be calculated. Substituting (19) into (13), we obtain the minimum total transmit power . Also the power allocation on the ith relay can be calculated by substituting (19) ] .
(21)
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When the full CSI is known at each source node, the power allocated on each node has a simplified expression:
For symmetric QoS constraints where 1 = 2 = , the optimum power allocated on the relay equals the transmit power allocated on the two source nodes.
In high SNR regime, when 1 ≫ 1 and 2 ≫ 1, (22), (23), and (24) can be rewritten as
From (21) and (22), the transmit power of one node is proportional to the SNR requirement of the other node. When the SNR requirement of one source node is larger, more power should be allocated on the other source node. The SNR requirement of each node can determine the power allocated on the selected relay and each source node.
Relay Selection.
With the optimal power allocation solution obtained, the problem in (12) reduces to the following relay selection problem: min ∈{1,2,..., } .
(28)
The "best" relay can be selected either by centralized relay selection or by distributed relay selection. Both relay selection methods are described as follows.
Centralized Relay Selection. When both source nodes know all the channels, centralized relay selection is adopted. The "best" relay can be selected by two source nodes, by calculating , for = 1, 2, . . . , , as in (22). Then one source node broadcasts the index of the best relay to all relays over a control channel. Those relays which do not hear their own indices, will not participate in relaying. The "best" relay will use its local channel state information to calculate its own optimal transmit power .
Distributed Relay Selection. When each source node only knows its own channel coefficient, for example, 1 only knows channel ℎ 1 , relay selection can be operated in a distributed manner. The two SNR thresholds 1 , 2 are known by two source nodes and all relay nodes. Relay knows its own local channel coefficients ℎ 1 and ℎ 2 by listening pilot signal from the two source nodes. Then it can calculate the minimum total transmit power with its local channel coefficients and SNR thresholds using (22). Then each relay starts a timer whose duration is inversely proportional to synchronously. The time timer of the "best" relay expires first and then broadcasts its index to the rest nodes in the network. After hearing the index of the "best" relay, each source node sends its symbol with the power calculated by (26) and (27).
According to (25), the relay selection result is dependent on the channel state information between each relay and two source nodes and is irrelevant to the signal to noise ratio requirement of each node, 1 and 2 . Only the channel amplitude information is required during the relay selection step instead of full channel state information.
Outage Probability Analysis
We consider the outage probability of two-way opportunistic relay networks with our proposed power allocation. Assume that the two source nodes have different data rate thresholds, 1 and 2 . The outage occurs when either source node falls below its threshold rate; that is, out = { 21 < 1 ∪ 12 < 2 }. Considering the Shannon's capacity theory, the outage probability can be expressed as
where 1 = 2 2 1 − 1, 2 = 2 2 2 − 1, and 21 and 12 represent the data rate of link 2 → → 1 , and 2 → → 1 respectively.
With optimal power allocation, the minimum transmit power required to achieve each transceiver's SNR threshold can be obtained by (25). When the total transmit power max is lower than , the outage occurs, which is out = { > max }. Because the relay which cost least power is selected in the relay selection, we have
where is the minimum transmit power needed to achieve each source node's SNR threshold, is the minimum transmit power needed if relay is selected, and max is total transmit power. When the relays know the exact channel side information without estimate error, the outage probability can be expressed as follows by substituting (25) into (31):
Considering the pdf of ℎ 1 and ℎ 2 , we can get
where = √ max /( 1 + 2 ).
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where = √ max /( 1 + 2 ). The integral part in (33) is nonintegrable and cannot be further simplified. Considering (31), we can get the approximation of outage probability by shrinking the integral interval
The channel state information ℎ 1 and ℎ 2 are independent, and thus the equation can be rewritten as
Considering the p.d.f. of ℎ 1 and ℎ 2 , we can get
Also, we can get the approximation of the outage probability
(37)
Simulation Results
In this section, we study the performance of power allocation scheme in bidirectional relay networks which have 6 relays, compared with the power allocation according to SNRbalancing criterion in [13] . The channels coefficients ℎ 1 and ℎ 2 are generated as zero-mean normal complex random variables. The noise power at the relays and at the two source nodes is assumed to be 0 dBW. We explore the total transmit power with different SNR thresholds of two source nodes. We illustrate the transmit power required with increasing SNR threshold of source node 2 2 , when the SNR threshold of source node 1 1 equals 10 dB in Figure 2 . The total transmit power and the power allocated on the selected relay are increasing with 2 increasing. The power allocated on sourse 1 is increasing linearly with 2 increasing. We can also see that when the SNR thresholds of two sources are not equal, 1 ̸ = 2 , the proposed power allocation scheme outperforms SNR-balancing criterion based power allocation scheme in [13] . Figure 3 shows the minimum power required with 1 = 10 dB, 2 = 5dB, with different number of relays in the two-way relay network. Power allocated on 2 is much larger than that on 1 , because the required SNR threshold of 1 is 5 dB larger than that of 2 . The power allocated on the selected relay is larger than that on both sources, which is the same with Figure 2 . With increasing number of relays, the minimum power required is decreased. Exploiting multiple relays obtains higher diversity order and lower transmit power.
In Figure 4 , we compare the outage probability as a function of max for a two-way opportunistic relay system. We have set = 6, 1 = 2 = 1 dB for symmetric traffics and 1 = 1 dB, 2 = 5 dB for asymmetric traffics. The outage probability of two-way relay networks without power allocation is also shown. Figure 6 shows that the proposed power allocation can decrease the outage probability significantly. For symmetric traffics, the outage probability of two-way relaying with our proposed power allocation scheme equals that with the power allocation according to SNR-balancing criterion in [13] . But in asymmetric condition, the system with our proposed power allocation scheme has lower outage probability. Figure 5 shows the exact outage probability and the approximation of outage probability with different number of relays, when each node knows the exact channel state information. The approximation is lower than the exact outage probability because the integrating interval is reduced in the approximation operation. Also, we can observe that the approximation is more accurate in high SNR regime.
In Figure 6 , the outage probability is shown with different correlation coefficient of the estimated channel gain and the exact channel gain. When = 1, each node knows the exact channel state information. When < 1, the outage probability is increased because of the estimation error.
Conclusions
We developed an energy efficient power allocation scheme to minimize total transmit power of bidirectional relay networks with imperfect channel state information. We obtain a closedform expression of power allocated on each node. Then one single relay which can minimize the total transmit power is selected to forward the amplified signal. We also obtained the expression of the outage probability after power location and an approximation expression of outage probability. Simulation result shows that the outage probability is slightly increased when there is channel estimation error.
